This paper deals with systematic errors specific to a snapshot Mueller matrix polarimeter by wavelength polarization coding. Their origins and effects are highlighted, and solutions for correction and stabilization are proposed. The different effects induced by them are evidenced by experimental results acquired with a given set-up and theoretical simulations carried out for more general cases. We distinguish the errors linked to some imperfection of elements in the experimental set-up from those linked to the sample under study.© 2008 Optical Society of America.
An interesting way to optically characterize a material is to obtain its polarimetric signature via the measurement of its Mueller matrix. Since long full Mueller matrix polarimeters have been developed with various ways to generate and analyze polarization states. With all of these instruments, the control of imperfections in the polarizing elements at work in a given setup is necessary to achieve a consistent physical interpretation of the measured Mueller matrices [1] - [3] , indeed, these defects are at the origin of systematic errors. The issue is the same with a Snapshot Mueller Matrix Polarimeter (SMMP).
We previously reported on the experimental feasibility of an SMMP by wavelength polarization coding [4] . The principle of the method is to generate several polarization states with a broadband spectrum source and birefringent retarders [5] , [6] . On condition to use retarders with a well-chosen thickness ratio between them in order to generate a sufficient number of polarization states, one can use the signal issued from a spectrometer (a grating and a CCD camera) to extract the 16 coefficients of a Mueller matrix. The measurement time is thus only reduced to the acquisition time of the detection system. Let us consider the configuration described in Fig.1 and denoted as (e,e,5e,5e) in reference to the thickness of the retarders 1, 2, 3 and 4.
The signal, I(λ), given by the spectrometer is periodic, and for a well suited analysis window, it can be expressed as: 
where s(λ) is the shape of the spectrum, g n and h n are linear combinations of the Mueller coefficients (m ij ), and f 0 is the fundamental frequency of the signal associated to the reference thickness termed here e. The signal is composed of 13 frequencies (from 0 to 12f 0 ). The extraction of the information is made in the Fourier domain, and thus g n and h n represent the
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magnitudes of the Fourier peaks in the real part and the imaginary part, respectively. Table 1 gives the relationships established between the magnitudes of the Fourier peaks and the Mueller coefficients in the case of the ideal configuration.
Because of the simplicity of the experimental set-up (polarizers, calcite wave-plates…), in this study the system was calibrated via a model of linear birefringent retarders whose retardance is proportional to the wavelength as described in [4] . This, of course, implies to be aware of the possible deviations from this model so as to identify and correct them. This paper is aimed at listing the causes of systematic errors liable to appear in the case of this new kind of
Mueller matrix polarimeter. Awareness of the impact of such errors is strongly advised to further correct them in order to get sufficiently accurate results. Section 2 deals with the systematic errors associated to elements in the experimental set-up (retarders, polarizers, spectrometer), whereas Section 3 sets out the possible deviations generated by the sample under study.
2-Systematic errors associated to the set-up

2-1-Thickness errors
As thickness errors, ∆e, on birefringent retarders are an important source of systematic error for an SMMP, it is worth discussing their consequences. The relationships established between the Fourier peaks (real and imaginary parts) and the Mueller coefficients were presented in Table 1 for the ideal configuration (e,e,5e,5e). But, one should be aware of the existence of some uncertainty on retarder thickness (especially for calcite plates) in relation with their manufacturing process. Two consequences appear from thickness errors.
Firstly, as the position of the signal, I(λ), in the analysis window depends on the reference thickness, e, any uncertainty on e will affect the value of the ratio between the real and imaginary hal-00461680, version 1 -5 Mar 2010
parts. Indeed, a sinusoidal signal can be interpreted as a sine, or cosine, function according to its position in the analysis window. As a consequence, an additional phase, f w , has to be considered.
Secondly, the thicknesses of retarders 2, 3 and 4 are not strictly integer multiple of the reference thickness e. So, let us denote as (e,e+∆e 2 ,5e+∆e 3 ,5e+∆e 4 ) the true configuration and as f 2 , f 3 , f 4 the phases associated to the thickness errors, ∆e 2 , ∆e 3 , ∆e 4 through the relationship: ,3,4) where ∆n is the birefringence of the plates, and λ 0 is the central wavelength of the analysis window.
Let us consider an error on each retarder of the set-up; the intensity on the spectrometer is then:
where φ n is an additional phase, which depends on f p (p = 2,3,4), g' n and h' n are functions that depend on the Mueller coefficients, m ij , and phases, f p . Thus, Eq.(2) allows one to establish new relationships between the Fourier peaks and the Mueller coefficients. They are given in Table 2 . accuracy on the value of f w must be less than 0.001 rad.
From the output data I(λ) of a known-sample, the relationships given in Table 2 can be used to retrieve the values of all of the phases. Indeed, several equations can be generated by measuring the argument of each peak in the Fourier domain. In our opinion, to retrieve all of the phases (calibration), it is worth proceeding through two steps as follows: at first, the intensity of the signal produced by vacuum (a well-known sample) is used: 
Indeed, in the Fourier domain, the generation of six peaks from this signal allows one to calculate f w, f 2+ f 3 and f 4 . Then, as the phases f 2 and f 3 have to be distinguished, another sample is needed. It can be, for example, a linear polarizer oriented at an azimuth different from 0° to generate more equations. The linear polarizer used here was oriented at 30°; its signal in the Fourier domain was thus composed of 13 peaks. us that a thickness error of less than 1% from the ideal configuration permits the application of the previous calibration method to extract all the Mueller coefficients with a maximum absolute error below 0.02 (efficient calibration).
In conclusion, the correction of the phases associated to thickness errors toward the theoretical configuration is a prerequisite. But, one should be aware that such a correction is only valid at a given time because of possible evolution in environmental conditions.
2-2-Sensitivity to environmental changes
Calcite retarder plates are sensitive to environmental changes, especially fluctuations in temperature. Their thickness is, thus, strongly affected by thermal expansion, and thus calibrated values will change. As the thickness ratio between calcite plates is known, it would be worth making a simple measurement of temperature to recalculate the phases. This consideration drove us to investigate the relevance of using a model-dependent correction (linear thermal expansion).
To gain more insight into the linearity of calcite plate length-expansion, one of the calcite retarders, of thickness, 5e, was set between two crossed-polarizers. The signal detected on the spectrometer being periodic at the frequency, 5f 0 , it generates a single peak in the Fourier domain. Since its argument is dependent upon the retarder thickness, plotting the evolution of the argument value versus temperature ( Fig.2) gives insight into the thickness evolution with temperature. Figure 2 shows that the evolutions of thickness and temperature are nearly alike, but it also makes appear an effect of hysteresis: for example, at T = 22°C over the first rise of temperature, the phase value is about 0.10 rad against about 0.37 rad over the second rise. This This is the case when the temperature varies of about 0.2°C. Nevertheless, with such a difference, the evolution of f w (around 0.02) is sufficient to strongly affect the Mueller matrix (Table 3) . So, it is paramount to retrieve the value of f w at any time t. Whatever the medium under study, this method allows a direct measurement of f w through, for example, the use of the arguments of 4f 0 and 6f 0 peaks (Eq. (2) and Table 2 ). One should note that this implies that m 11 is different from zero. One of the aim of the SMMP is to allow one to follow the time-evolution of Mueller matrices, M(t). Two solutions result from the above study: i) the user carries out a calibration as described in § 2.1 just before following the time-evolution of an unknown medium; under these conditions and on condition that the range of temperature fluctuations is less than 0.2°C throughout the experiment, the measurement of f w at any time, t, constitutes an efficient calibration.
ii) The set-up temperature is kept at the same value ± 0.2°C. The calibrated values of f p are thus stable enough (several days), and a simple measurement of f w at any time, t, during M(t) follow-up guarantees that the maximum absolute error on the measured Mueller coefficients is less than 0.02.
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2-3-Misalignment errors
The SMMP configuration under study assumes the alignment of optical elements as described in Fig.1 . But, as they cannot be aligned in this ideal configuration, it is worth studying the overall impact by the misalignment errors on the four retarders, 1, 2, 3 and 4, and the output polarizer (∆θ 1 , ∆θ 2 , ∆θ 3 , ∆θ 4 and ∆θ pol , respectively). Because of the high number of optical elements at play, the development of the theoretical expressions relative to the misalignmentinduced errors would be too complicated to provide insight. A thorough analysis of numerical simulations is a way to investigate the impact by these errors. Table 5 presents the results of simulations run with vacuum as medium and a misalignment error of 0.5°, or 0.1°, on each element. They highlight that a combination of errors may lead to an important error on the Mueller coefficients. For example, Table 5 shows that m 12 , which was expected to be null, is equal to -0.05. To avoid this problem, a solution could be the inclusion of angular errors into the model, but these errors are very difficult to extract in the case of an SMMP. On condition the misalignment of the optical elements is less than 0.1° thanks to the use, for example, of precise angular controllers, the accuracy on the Mueller coefficients should be less than 0.01.
2-4-Effect by the spectrometer
For detection purpose, an SMMP device is equipped with a diffraction grating coupled to a CCD camera in charge of recording the spectrum, I(λ). But, two sources of systematic errors are associated to this detection system. Firstly, the response of the spectrometer (due to the numerical aperture of the optics) leads to an attenuation of Fourier peaks as previously discussed in [4] ; a no-sample acquisition before the measurement of an unknown medium allows one to get a stable enough response, even in the case of fluctuations in the set-up environment. Secondly the grating acts as a partial polarizer, but this has no effect on the signal, except when the output
hal-00461680, version 1 -5 Mar 2010
polarizer is also a partial polarizer. In that case, systematic errors may occur and affect the accuracy of the Mueller matrix. This problem can be avoided by: i) either depolarizing the light before its interaction with the detector through the use of a depolarizing fiber or that of a scattering medium set in front of the spectrometer, ii) or aligning properly the axis of the output polarizer on the grating one.
2-5-Random noise
With the method reported in [4] , the time required for the acquisition of the full Mueller matrix of a given sample should be very short (< µs). This means that the random noise will be interpreted as a systematic error. One should note that, with the usual methods, the random noise is reduced through a time-consuming accumulation of data incompatible with SMMP. Therefore, the inevitable random noise has to be minimized.
Three parameters play a role in the signal-to-noise ratio: the thickness-configuration for the retarders, the global response of the detection system and the acquisition time of the detector.
The choice of the SMMP thickness-configuration that propagates the minimum random noise was discussed in [7] . Nevertheless, this choice is independent of the detection system sampling.
It is worth recalling that the amplitude of Fourier peaks is sampling rate-dependent, which means that any enhancement of the resolution by the spectrometer will likely be accompanied with an increase of the signal-to-noise ratio. Furthermore, the fundamental frequency f 0 is dependent on the reference thickness e, and thus the value chosen for e must be such that the highest generated frequency (12f 0 in the case of the configuration (e,e,5e,5e)) is not too much affected by the response of the spectrometer. Lastly, the higher the intensity of the luminous flux is, the shorter the acquisition time is, and thus a very short acquisition time requires the use of a coherent source. The signal-to-noise ratio due to the acquisition time is dependent on the nature hal-00461680, version 1 -5 Mar 2010
(transparent or diffusing) of the medium under study. The acquisition time has to be adapted when necessary.
3-Sample-associated limitations
One should be aware that, with SMMP, a non-uniform spectral response of the sample under study within the analysis window may induce an error on the measurement of the Mueller matrix. This limitation creates an effect similar to a systematic error on the experimental set-up.
3-1-Evolution with the wavelength
In the SMMP model, the Mueller coefficients are assumed to be wavelength-independent.
This study is, indeed, aimed at demonstrating the feasibility of a monochromatic snapshot was e coding º 2.08 mm. Consequently, for retarders with a ∆ne value less than 7 µm, the error on their measurement will be less than 1%. It is thus interesting to use thick retarders for the coding system in order to extend the possibility of using the SMMP with a good accuracy, even for medium whose m ij coefficients vary with the wavelength.
3-2-Multiple wave interferences
A spatially coherent source associated to a multi-spectral detection can be at the origin of interferences on the detector. Indeed, because of the possible multiple reflections in the sample under study, interferences such as those observed with a Fabry-Perot interferometer can be produced. They lead to another kind of bias when the periodicity of the signal given by the interference phenomenon generates a frequency on the spectral analysis window (0 to 12f 0 in the Fourier domain).
Let us consider a quartz wave plate cut perpendicular to the optical axis (circular birefringent with a rotatory power of θ º -12° at 830 nm for a º1 mm-length plate). No antireflection coating had been applied to this plate. Consequently, multiple reflections on the two faces may generate interferences. Figure 5 shows the signal, T FP (λ), produced by this plate when it is set between two crossed polarizers. 
, to compare the experimental Mueller matrix against the theoretical one. Table 7 highlights the significant improvement produced by the correction.
4-Conclusion
This paper listed the possible systematic errors associated to a Snapshot Mueller Matrix Polarimeter (SMMP) and showed how to compensate for them. As the errors associated to the set-up are mostly dependent on the accuracy about retarder thickness, we developed, here, a method to calibrate the system and stabilize it toward thermal evolution. The presence of other kinds of systematic errors (misalignment errors, influence of the spectrometer) drove us to propose methods to limit their consequences. Moreover, the impact of random noise, considered here as a systematic error because of snapshot acquisition, has to be limited. Besides, one should be aware that the errors liable to be generated by the non-uniform spectral response of the sample in the analysis window constitute a limitation to the application field of an SMMP. Table 1 : Relationships between the magnitudes of the peaks -real part (g n ) and imaginary part (h n ) -and the Mueller coefficients (m ij ) in the Fourier domain. It is given for the ideal configuration (e,e,5e,5e). f 2 , f 3 and f 4 . All matrices are normalized by m 00 . The experimental set-up is composed of two calcite plates (∆n = 0.166) for the coding system (e = 2.08 mm ± 0.01 mm) and two calcite plates for the decoding system (e = 10.4 mm ± 0.01 mm). The source is a broadband spectrum source with λ 0 = 829 nm, and the analysis window of the detection system is ∆λ = 10 nm sampled with 512 pixels.
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the Mueller matrix for vacuum. Table 6 : Simulation of a quarter wave plate (R = 90°, a = 20°) at different orders. Depolarization index P D , retardance R and azimuthal angle a are calculated. The ratio between the evolution with the wavelength of the quarter wave plate retardance and the evolution with the wavelength of the reference coding plate retardance is given. hal-00461680, version 1 -5 Mar 2010 
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